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TILLAGE AND COMPACTIVE EFFECTS ON SOIL HYDRAULIC PROPERTIES AND WATER 
FLOW 
Abstract 
R. HORTON 1 , R.R. ALLMARAS 2 , AND R.M. CRUSE 1 
Agronomy Department, Iowa State University 1 , Ames, IA. 50011 
USA; and USDA-ARS and University of Minnesota 2 , St. Paul, MN 
55108 USA 
Tillage and compactive processes affect soil-hydraulic properties and 
soil-water flow. Soil-water retention and transport properties are 
altered in response to changes in pore geometry. Soil-water flow is 
affected not only by soil-hydraulic properties but additionally by the 
distribution of sources and sinks of water in the soil system. Till-
age and compaction can alter soil-pore geometry, and they can also 
affect sources and sinks of water by changing surface configuration, 
surface residue cover, and crop rooting distribution. This paper re-
views literature and presents data and relationships showing the 
effects of tillage and compaction on soil-hydraulic properties and 
water-flow, presents numerically modeled water-flow for some tillage 
management systems, and identifies future directions for tillage-
related hydrologic research. 
Introduction 
Tillage and compaction significantly influence soil-hydraulic proper-
ties, infiltration, soil-water retention, soil-water flow, and hydro-
logic response (Klute, 1982; Onstad and Voorhees, 1987). Unfortunate-
ly, comparative soil-hydraulic properties or soil-hydrologic compo-
nents for various tillage systems are often not consistent (Culley et 
al. 1987b). Few general statements describing the effects of no-till, 
plowing, or other tillage operations on soil-hydraulic properties and 
soil hydrology can be made (Baker, 1987). Inconsistencies in reported 
results are often caused by variance in climate, spatial and temporal 
variance of the soil, and spatial variance of tillage or traffic it-
self (Cassel, 1983). Measured tillage effects on soil-hydraulic pro-
perties often disagree because investigations are not consistent as to .~ 
how, when, and where in the soil profile measurements are made. A 
better understanding of tillage effects on soil-hydraulic properties 
and hydrology is badly needed; it requires joint efforts of theory, 
field measurement, and modeling of systems. 
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The objectives of this paper are to: review some basic principles 
of water retention and transmission, highlight some observations of 
soil-hydraulic properties and hydrologic components for various com-
pactive and tillage situations, report results of modeling efforts for 
predicting hydrology of soils, and suggest future research directions. 
Soil Pore Space, Soil Water Retention, and Water Transport 
Porosity is important because retention and transport of water in soil 
takes place via the non-solid or pore spaces. Total porosity, f, is 
defined as the ratio of non-solid volume to total volume: 
[1] 
where Pb is the soil bulk density and Ps is the density of the solid 
phase. Bulk density, which is affected by compactive and tillage 
operations, is corTlllonly measured (Allmaras et al. 1977; Gantzer and 
Blake, 1978; Akram and Kemper, 1979; Reicosky et al. 1981; Bauder et 
al. 1981; Hill and Cruse, 1985; Potter et al. 1985; Voorhees et al. 
1985; Culley et al. 1987b; Allmaras et al. 1988b). Thus, total 
porosity values of soil are generally available as related to tillage 
combinations and compaction. Intra- and inter-aggregate porosity as 
related to tillage-induced soil structure were determined by Allmaras 
et al. (1977); yet additional information is needed to estimate soil-
water retention and transport functions. The following considerations 
illustrate the importance of pore-size distribution in estimating 
soil-hydraulic properties. 
Assume that all pores in a soil material are continuous and cylind-
rical. Laminar flow of water in narrow cylindrical tubes can be 
described by the Hagan-Poiseuille equation: 
Q - (wr•/8n)V~ [2] 
where Q is volume flow rate, r is cylinder radius, n is fluid vis-
cosity, and v~ is the hydraulic gradient. For a given porosity, the 
number of pores, N, is inversely related to the cross-sectional area 
of the pores, N«(l/r 2 ). According to Eq. [2], the discharge rate 
through each pore is proportional to the fourth power of the radius, 
Q«r•. The overall conductance, K, of the soil material due to each 
size class of pores is proportional to the product of the above two 
relationships, K«r 2 • Therefore, hydraulic conductivity of a porous 
material with capillary shaped pores will be proportional to the 
square of the capillary radius. In structured soil the size, shape, 
continuity, and tortuosity of pores all contribute to water retention 
and transport characteristics; therefore, total porosity alone may not 
always correlate well with hydraulic conductivity (Table 1). 
Table 1. Total porosity and saturated hydraulic conductivity of 
undisturbed and compacted soil materials (from McBride et al. 
1987; and Kluitenber et al. 1989 • 
Soil 
material 
. ota poros1ty 
Undisturbed Compacted (ml/ml) (ml/ml) 
Hy rau 1c con uct1v1ty 
Undisturbed Compacted 
(m/s) (m/s) 
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Till 0.36 0.29 5.21 x 10-, 8.08 x 10-11 
Loess 0.48 0.40 1.24 x 10-· 2.71 x 10-10 
Paleosol 0.41 0.46 1.09 x 10- 6 4.07 x 10-11 
The height of water rise, h, in a capillary tube is described by 
Jurin's equation: 
h • (2 ycos$)/r p g [3] 
where y is the water surface tension, $ the contact angle between 
liquid and solid, r the pore radius, g the gravitational acceleration, 
and p the density of water. The Jurin equation can be applied to soil 
by assuming that a given value of h is the soil-water matric-potential 
at which all pores greater than the associated radius, r, must drain. 
Based on this analogy, soil-water retention at a given matric-potenti-
al is dependent upon soil pore sizes. Thus, pore size and geometry 
have important effects on soil-water retention and hydraulic 
conductivity. 
Numerous investigators have theoretically estimated relative soil-
hydraul ic conductivity given a soil-water-retention curve (Marshall, 
1958; Millington and Quirk, 1961; Brutsaert, 1967; Green and Corey, 
1971; Campbell, 1974; Mualem, 1976; and Van Genuchten, 1980). Some 
measured soil-hydraulic conductivity is required as a reference; most 
often saturated hydraulic conductivity (K5 ) is used. Others have re-ported empirical equations, colllTlonly based upon texture and bulk den-
sity, for estimating soil-water retention and hydraulic conductivity 
(Clapp and Hornberger, 1978; Gupta and Larson, 1979; Arya and Paris, 
1981; Rawls and Brakensiek, 1982; and Saxton et al. 1986). 
Van Genuchten (1980) presented the following equations to describe 
soil-water retention curves and unsaturated hydraulic conductivity: 
1 1-(1/n) e - er + (0 - e ) 
s r 1 + (ah)" 
K(h) • K 1-(ah)n-1 [1+ (ah)n~(l-n)/nt 
s [1 + (ah)"J n-(l/2n 
[4] 
[5] 
where es and er are saturated and residual water content, Ks is satu-
rated hydraulic conductivity, and a and n are parameters describing 
the shape of the soil-water-retention curve. The n-parameter is 
closely related to pore size distribution in that as n increases the 
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spread on a log scale of pore-size decreases (Horton et al. 1987). 
C~active Effects on Soil Hydraulic Properties 
Soil compaction, considered as an increase in soil bulk density and a 
reduction in pore space, significantly alters water-related soil 
properties relative to a non-compacted condition. Measured water 
retention curves and predicted unsaturated hydraulic conductivity for 
Barnes loam packed at several bulk densities (Reicosky et al. 1981; 
and Fig. 1) demonstrated that compaction decreases total porosity, but 
unsaturated water contents were larger for a wide range of matric 
potentials in compacted versus non-compacted soils. Hydraulic 
conductivity as a function of soil-water content generally decreases 
with compaction; however, over some of the compactive range, hydraulic 
conductivity as a function of soil matric-potential may increase with 
compaction (Mapa et al. 1986). 
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Figure 1. Soil water characteristics and unsaturated hydraulic con-
ductivity for Barnes loam packed to known bulk densities (Reicosky et 
a 1. 1981). 
A maximum bulk density of laboratory-compacted soil samples 
generally occurred when soils were compacted at water contents near 
field capacity (Akram and Kemper, 1979). Soils containing a wide 
texture range were compacted with 3.5 kg/cm1 loads. Soils compacted 
at field capacity had infiltration rates <1% of those packed at air-
dry water contents. Walker and Chong (1986) reported that sorptivity, 
a measurement of soil-water uptake in the absence of gravitational 
effects (Philip, 1957), responded to soil compaction in a manner 
similar to void ratio (Fig. 2). Sorptivity was more sensitive to 
changes in soil structure than in soil-water content. Mapa et al. 
(1986) reported sorptivity to be a sensitive measure of temporal 
changes in soil-hydraulic properties; Ankeny et al. (1988) describe a 
device useful for determining sorptivity. 
Libardi et al. (1982) estimated soil-water diffusivity, D, of any 
30 c-r---.- --,-- -,--,---.-. r:-, --, 
0 ' 
0 
0.8 
Void Ratio (e, m3 /m1) 
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Figure 2. Relationship 
between sorptivity and 
void ratio for a soil 
with different water 
contents (Walker and 
Chong. 1986) • 
soil for a range of bulk density values provided D is known for at 
least one bulk density. The following equation was used to represent 
D(cm 2 /s) for soil i: 
Di(w,pb) - Am~ exp (Bw) [6] 
where w is a dimensionless water content (9-90 )/95 -90 ), and A and B 
are constants, and mi (cm/si) is the slope of a plot of distance 
(cm) from the water source to the wetting front in horizontal infil-
tration (Bruce and Klute, 1956), as a function of the square root of 
time (s). Brutsaert (1979) determined A - 10- 3 and B - 8. Volumetric 
water content 9 has a value 90 for an initial air-dry condition and a 
value es near a water source. The following equation can be used to 
relate mi and pb: 
mi = ai + ci Pb [7] 
where ai and ci are empirical coefficients. Rearranging Eq. [7] and 
substituting c as the average value of ci• 
mi - ai I 
-
cpb [8] 
where c - -0.464 and ai 1 are values which translate a family of linear 
functions (same zero intercept and variable slope) into a single 
linear relation. Libardi et al. (1982) present the combined results 
obtained from 13 soil types ranging in textural classification from 
sand to clay. 
If m· is obtained for one soil at one bulk density value, ai can be 
estimated using both Eq. [7] and the value of c from Eq. [8]. Hence, 
Eq. [6] can be written as a function of w: 
Di(w, Pb) - A (ai - 0.464pb) 2 exp (Bw) [9] 
The derivative of Eq. [9] with respect to Pb shows how changes in bulk 
density affect soil-water diffusivity, i.e •• 
(odi/apb) - 0.928 A (ai - 0.464 Pb) exp (Bw) [10] 
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This relation is more easily visualized when w is held at some 
constant value. 
Kluitenberg et al. (1988) compare solute breakthrough curves for 
undisturbed and compacted soil samples (Fig. 3). Similar to Hill et 
al. (1985), they find that compaction reduces the number of large 
pores as manifested in breakthrough curves by reductions in mean pore-
water velocity and hydrodynamic dispersion. 
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Figure 3. Solute break-
through curves for repli-
cates of recompacted and 
undisturbed paleosol 
soil material (Kluitenberg 
et al. 1988). 
Compaction of soil thus increases bulk density and changes total 
porosity and pore geometry. Many reports show that compaction can 
affect soil-water retention, hydraulic conductivity, sorptivity, in-
filtration rates, water diffusivity, and the manner of solute trans-
port. The importance of these soil properties relative to actual 
soil-water flow must be considered· in the context of a soil layered 
and variably structured by tillage systems. 
Tillage (Soil Loosening) Effects on Soil Hydraulic Properties 
Tillage deforms (strains) soil by applying tensile, shear, and com-
pressive stresses. Each tillage tool has a spatially unique applica-
tion of stress and therefore, the strain or deformation is also spati-
ally unique. Four types of tillage tools are cage rollers, tines, 
plow bodies, and discs (Koolen and Kuipers, 1983). Associated with 
the use of tillage tools to loosen soil, there are various trac-
tion, transport, and depth-control devices (tires, wheels, tracks, 
sliding plates) which may produce a soil compaction that exceeds the 
depth of tillage-tool action, alters the soil-strain response to the 
tillage tool, and/or recompacts bands of soil. For purposes of pre-
dicting soil-water properties, these are all actions to modify soil 
structure. Soil structure may also change in response to subsequent 
wheel traffic without tillage, biological activity, and weather-
related inputs of energy. Currently, no theoretical basis exists for 
predicting soil-water properties from use of a tillage tool alone or 
in combination with like or different tillage tools (Hadas et al. 
1988). 
Schafer and Johnson (1982) sununarized that many state properties 
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descriptive of the final soil condition after tillage (i.e., aggregate 
size distribution, porosity, surface roughness) have been measured, 
but these state properties do not uniquely define a behavioral pro-
perty (i.e., hydraulic conductivity). As discussed in an earlier 
section, some state properties (i.e., organic matter content and 
texture) predict hydraulic conductivity and water characteristic 
curves for a homogeneous soil in an unspecified structural condition. 
After tillage, a soil within the tilled layer usually has structure, 
and furthermore, the structure is neither homogeneous (some form of 
aggregation with inter- and intra-aggregate porosity) nor uniform 
vertically. For purposes of water-flow in a tilled soil, a general-
ized one-dimensional model consists of three soil layers (tilled and 
packed upper layer, intermediate sublayer rarely tilled but subject to 
packing, and subsoil unaffected by tillage and traffic; Allmaras et 
al. 1988a). A fourth layer is the surface of the tilled layer subject 
to sealing and crusting. Layering not only affects water-flow rates 
but can also alter water retention in a soil profile after subsequent 
drainage and redistribution (Miller and Bunger, 1963; Miller, 1964; 
and Allmaras et al. 1982). 
Rawls et al. (1983) predicted hydraulic properties in the tilled 
layer. They combined the usual prediction of hydraulic properties 
(water retention and Ks prediction using organic carbon, soil texture, 
effective saturation, and a fitted pore-size-distribution parameter) 
with field-measured porosity changes produced by moldboard plowing. 
These field-measured p.orosity changes were also related to soil tex-
ture. Hydraulic properties for the Green and Ampt infiltration and 
Darcy-based water flux were each shown in a texture diagram. After 
first accounting for total porosity produced immediately after mold-
board plowing, they then accounted for both seasonal decrease of total 
porosity (in the absence of wheel traffic) and total-porosity changes 
for other tillage systems (i.e., chisel, plow-disk-harrow, rotary, 
plow-pack) relative to that produced by moldboard plowing. 
Brakensiek and Rawls (1983) modeled hydraulic conductivity of the 
soil surface crust of tilled soil. This hydraulic conductivity was 
sensitive to tillage structure and was integrated into the Green and 
Ampt simulation of water flux in soil layers under the crust. This 
soil surface-crust was made responsive to inputs of rainfall energy, 
original Ks as estimated by Rawls et al. (1983), random roughness of 
the surface, and a texture-based steady-state matric-potential drop 
across the surface seal. This model can be improved somewhat based 
upon recent refinements in interpreting the influence of random rough-
ness. Linden et al. (1988) have simplified and improved upon the 
relation of random roughness decline and surface seal formation during 
application of rainfall energy. Onstad (1984) estimated depressional 
storage volume; precipitation excess required to fill this depres-
sional storage volume was also needed because runoff was initiated 
before the maximum depressional storage volume was attained. Earlier, 
Moore and Larson (1979) had developed this system for estimating 
surface storage by use of point data originally measured to estimate 
random roughness produced by tillage. 
Predicted response of hydraulic parameters to soil structure pro-
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duced by tillage. and subsequent parameter modification caused by 
physical and biological activity through a growing season (Rawls et 
al. 1983) were based upon field measurements on Mollisols. Secondly. 
any layered effect in the tilled layer other than the surface crust 
was not included in the field measurements used by Rawls et al. 
(1983). Sensitivity analysis and more field experimentation are 
needed to generalize for soils other than Mollisols and for layered 
properties in the tilled layer. 
The pedal nature of soil structure (types and classes of soil 
structure) is routinely described by pedologists and may be changed 
directly by soil tillage and traffic in the upper 30 cm of soil (Bouma 
et al. 1975; Wang et al. 1985; and McKeague et al. 1987). Pedal 
properties are more obvious factors in the structure and hydraulic 
properties of soil layers below the tilled layer. Furthermore. 
tillage has little direct effect on these subsoil properties; an 
exception is the subsoil compaction caused by heavy axle loads 
(H3kansson et al. 1988). McKeague et al. (1987) define pedality as 
"the natural organization of soil particles into units (peds) which 
are separated by surfaces of weakness that persist through more than 
one cycle of wetting and drying in place." 
McKeague et al. (1982) calibrated K5 estimated from soil morpholo-gical observations against measured Ks. Eight classes of K5 ranging from >50 cm/h to <0.02 cm/h were described based on combinations of 
texture and morphology. Textures with large amounts of sand or clay 
had high Ks• but descriptions of macroporosity and structure. such as 
biopores and a blocky structure. had the most influence on Ks. This 
textural relation is not at all the same as that given by Rawls et al. 
(1982) in which Ks predictions decreased as sand content decreased and 
clay content increased. The McKeague et al. (1982) predictions also 
agree with field measured Ks by Topp et al. (1980). 
Horizons with low Ks had massive and compressed structure. and few 
or no macropores in a clay texture; some of these horizons were in the 
tilled layer, were often at the base of an A or upper part of a B 
horizon, and were associated with tillage paRs (Wang, et al. 1985). 
The degree of compression and associated Ks estimate was difficult to 
assess visually. Both measured Ks and K estimated from soil morpho-
logy (structure) detected a tillage pan fproduced by moldboard plowing 
and furrow traffic) at the 10- to 25-cm depth in continuous corn, but 
they detected a tillage pan in hayland or after first year corn after 
hayland only on clayey soils (Wang et al. 1985). These Ks changes (as 
much as 100-fold reduction) were much greater than any changes of dry 
bulk density or total porosity; thus, the massive and compressed 
structure without macropores (or a blocky structure) could only be 
detected by observation of structure or measured Ks. Unfortunately, 
this relation of K based on observed structure and texture in the 
field has most app~ication in soil layers deeper than tillage tool 
operation which generally ranges from 15 to 25 cm. 
Micromorphometric information concerning planar voids, packing 
voids, and tubular pores in both aggregated and non-aggregated 
structure can be used to predict unsaturated hydraulic conductivity 
and a water characteristic (Bouma and Anderson, 1973), but the authors 
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concluded that direct physical measurement is much easier. They used 
theory similar to that mentioned above. Matching factors were re-
quired based upon measured Ks; flow contribution from planar voids 
compared to tubular pores was much more difficult to predict; and 
continuity models when applied to pore volumes were difficult to 
calibrate. 
In tillage- and traffic-affected layers soil structure is rarely 
block-like (angular blocky or subangular blocky}; rather, the soil 
structure is most often platelike (platy) or structureless (massive or 
granular) depending on traffic. 
Water movement within tillage-affected zones (usually no deeper than 
45 cm) may be affected by pedal structures in B horizons below 45 cm. 
Compared to a coarse prismatic structure, a medium subangular blocky 
structure (both with the same texture) had much higher Ks and hydro-
dynamic dispersion coefficients during saturated flow (Anderson and 
Bouma, 1977). Although hydrodynamic dispersion was much reduced in 
drained soil columns with pulse applications of water, subangular 
blocky structure produced a much larger dispersion coefficient than 
prismatic structure (Anderson and Bouma, 1977). 
Tillage produces two-dimensional hydrologic effects because it 
changes the local slope configuration and orientation (Van Es et al. 
1988; and Hamlett, 1987), often produces strips of heavier residue 
cover, and requires some form of trafficking to occur on or within the 
tilled layer (Lindstrom et al. 1981; Reicosky et al. 1981; Voorhees 
and Lindstrom, 1984; and Voorhees et al. 1985). These hydrologic 
effects are usually most intense just after tillage and their degree 
of influence is often tempered with time. 
Reicosky et al. (1981) observed hydraulic heads over time beneath an 
evaporating soil surface that had a wheel track. Hydraulic head pro-
files at a selected time after initiation of surface evaporation for 
both "dry" and "wet" wheel-track-compaction methods (Fig. 4) show 
clearly that matric-potential varies in a two-dimensional fashion, 
with depth and horizontal location. Both the soil surface and the 
soil beneath a wheel track are evaporative sinks for water; water-
potential gradients decrease toward the surface and laterally towards 
the wheel track region. Vertical and lateral fluxes of water were not 
determined experimentally, but this experiment shows clearly a need 
for further two-dimensional experimental as well as two-dimensional 
numerical efforts to study and characterize tillage effects on soil-
water fl ow. 
Variability of soil-water properties in tilled soils has been 
studied spatially (Hamlett et al. 1986; and Cressie and Horton, 1987) 
and temporally (Mapa et al. 1986). Matric potential and infiltration 
of soil water showed spatial variability in both tilled and no-till 
systems. These analyses indicated that tillage with more soil distur-
bance may reduce spatial variability of the physical condition of the 
soil surface. Soil-water retention (Fig. 5) of freshly tilled soils 
changed dramatically with successive wetting and drying cycles (Mapa 
et al. 1986); associated hydraulic conductivity curves also changed 
substantially in time as a function of wetting and drying cycles. 
Wetting and drying cycles and freezing and thawing cycles were also 
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reported to increase infiltration rates into previously compacted 
soils (Akram and Kemper, 1979). 
Modeling Soil Water Flow 
Numerical modeling is necessary to predict and describe water-flow 
responses to tillage because tillage produces significant effects on 
soil-hydraulic properties in both spatial and temporal continuums. 
Numerous models of soil-water flow have been developed; both one-
dimensional and two-dimensional models are available. 
Van Genuchten (1978) modeled flow in layered soil profiles using 
several numerical schemes; both finite-difference and finite-element 
simulations offered advantages depending on initial and boundary 
conditions. Soil-water flow and distributions of water content and 
potential were predicted for soil profiles with both gradual and 
abrupt changes in properties with depth. 
Tillage effects on soil-water flow were predicted by Hammel et al. 
(1981), Mapa et al. (1986), and Culley et al. (1987a} using one-
dimensional numerical models. HallVllel et al. (1981} predicted seedzone 
water contents to be higher in conventionally tilled soil than in no-
till under conditions of chemical fallow; the no-till condition was 
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too dry for successful establishment of winter wheat. Measurements 
agreed with predictions. Culley et al. (1987a) used two models, a 
simple water budget and an integrated soil-plant-atmosphere model 
(NTRM), to predict soil-water regimes under no-till and conventional 
tillage of a well-structured Mollisol. Output from the NTRM model 
agreed better than the simple water budget model with experimental 
data showing water contents lower under conventional tillage than no-
till. Mapa et al. (1986) predicted the impact of temporal changes in 
hydraulic functions on soil-water movement by comparing water-content 
profiles predicted with a simulation model using hydraulic input-
functions obtained before and after irrigation. Water-content 
profiles after infiltration and redistribution differed substantially 
depending upon hydraulic properties of the soil. Temporal changes in 
soil-hydraulic properties after tillage can, therefore, impact soil-
water flow and soil-water contents. 
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Figure 6. Simulated pro-
files of relative nitrate 
concentration Sh after a 
7.5 cm rainfall on ridged 
and flat configuration of 
the planted row (Hamlett, 
1987). 
Two-dimensional models have been used to study water flow. Chung 
and Horton (1987) predicted that a partial surface mulch changes 
surface evaporative-water-flux, water contents, temperature, and 
pressure-head variations compared to a bare soil. The mulch, however, 
had almost no effect on drainage. Hamlett (1987) used a finite-
element model to predict infiltration and redistribution of water and 
anions in flat and ridged soil surfaces. Figure 6 shows anion con-
centrations in the profiles after an equal amount of rainfall and 
time. Water entered uniformly in the flat profile while more water 
infiltrated from the base of a ridge than from the peak. Thus, a 
tracer anion in the ridge did not move as deeply as it did under the 
flat surface condition. Whisler et al. (1982) modified the GOSSYM 
cotton growth simulation model to account for hydraulic property 
changes produced by cultivation and wheel traffic. Water-flow, except 
for infiltration, and yield were predicted by the model. The model 
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predicted rooting patterns to vary according to external processes, 
and the authors state that predicted root patterns seem reasonable 
when compared to observations. 
Future Directions 
Among soil properties affected by tillage, perhaps least is known 
about soil-hydraulic properties and processes. Yet, soil-hydraulic 
properties and processes are among the most important soil properties 
changed by tillage. Although tillage usually does not directly change 
soil-water properties below 30 cm, changes of soil-water properties 
above 30 cm may dramatically affect water regimes in the subsoil. 
Rarely is matric flow the dominant mechanism for water flux in these 
subsoil layers which contain biopores and planar voids. Direct 
changes of soil-water properties in the tilled layer, temporal changes 
after tillage, and extreme layered arrangements all make it difficult 
to measure and account for changed soil-hydraulic properties and 
processes in the tilled layer. Again, matric flow is not a dominant 
mechanism because packing, planar, and biopore voids are usually 
present in the tilled layer. Klute (1982) appropriately stressed the 
importance of both macropore and matric flow in measurements and 
models. He also questioned indiscreet use of disturbed and sieved 
soil samples to measure and represent soil-water properties related to 
tillage variations. An example of this indiscretion is the failure to 
measure soil-hydraulic properties of the tilled layer before soil 
structure has become stabilized (sufficient cohesion for undisturbed 
samples). Significant changes in soil-water regime may occur during 
hydrologic events preceding stabilized soil structure. 
Our review shows that tillage nearly always creates characteristic 
surface and subsoil layers, and that the methods and frequency of 
measuring soil-water properties depend on structural features of the 
various layers. Temporal and spatial character of the tilled layer 
requires that different methods of measurement must be used at dif-
ferent times and in different parts of the row/interrow space, al-
though we did not pursue this problem at any length. We did not find 
a method for direct estimation of soil-water properties given the 
tillage system and soil properties before tillage, but there is recent 
evidence that soil-water properties can be estimated, at least 
generally, from a knowledge of soil structural properties in place 
after tillage is completed. 
Numerical models must be further developed and validated to predict 
tillage effects on soil-water regimes. A two-dimensional model is 
needed to include surface configuration and mulching features, as well 
as layered and time-dependent soil-hydraulic properties. The model 
should include all major components of the soil water regime such as 
infiltration, redistribution, drainage, evaporation, and transpira-
tion. For many applications, heat and water flow ought to be coupled 
in this model, especially as emphasis is placed on soil moisture 
regimes close to the surface. Such a model would help assess the 
impact of tillage management and soil structure on not only soil-water 
regimes but al so on thermal and chemical (nutrients and pesticides) 
dynamics. 
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